Photoresist modulation curves are introduced as a quantitative way to characterize the photoresist process performance when used as a detector in a microlithographic system. The new method allows predicting exposure latitude of the photoresist process across a wide range of resolutions and modulation levels of the aerial image. The data collection process is demonstrated using an immersion interference system, capable of variable resolution and full control over the modulation of the delivered aerial image.
INTRODUCTION
Characterizing photoresist process performance in microlithography has historically been a difficult process. While the performance of the optical system is fairly easy to model, converting a predicted aerial image into a useful resist metric can result in a detector model with more than 30 parameters. 1 Many of these resist parameters are difficult to measure experimentally using an imaging system, and therefore have to be obtained indirectly using assumptions inherent in the photoresist model. The simplified data-based models, typically used in OPC, while providing good accuracy within a certain parameter space, require strenuous build cycles. 2 They are also limited in the parameter space by the levels of modulation and resolution that the tool the model is built on can provide. The simplest resist model known to date, a resist blur model, still suffers from some restricting assumptions, while still requiring certain independent measurements of the development parameters. 3 The concept of critical MTF 5 has been found useful to characterize photoresist performance, as have the threshold modulation curves that are used in many imaging systems. 4 A combination of these two approaches, together with redefinition of the performance metric is presented in this work, allowing for greater precision of photoresist characterization, while still refraining from making any assumptions about the physics of photoresist exposure, bake and development processes.
ANALYTICAL APPROACH
Let us assume that whenever we mention aerial image the discussion implies the light intensity inside the photoresist media, varying in one direction, x. In the case of a sinusoidal image with the shape 0 (1 cos2 ) 
and is the fundamental measure of image quality. When m I equals to 0, the image has no variation in the x axis, and carries no information a detector (photoresist) can use. With m I =1, the aerial image has the highest contrast possible with this shape of the image.
The definition of photoresist modulation curves (PMC) is the modulation of an aerial image producing a just acceptable photoresist response. At the modulation levels below the PMC, the photoresist response is unacceptable, and at the levels above the PMC, the photoresist performs adequately. produce the CD values within the pre-specified window (∆CD). An example of the Photoresist Modulation Curve for a hypothetical Gaussian blur resist is given in Figure 1 . From examining the shape of the curve, the general characteristics are apparent: a lower level of modulation is required to produce an acceptable image at low resolution levels (low NA), while a better image is needed to produce a good resist response at a higher NA. Also, higher modulation is needed if higher exposure latitude is required at the same resolution. It is also evident that under certain conditions a resolution limit will be reached no matter what the delivered aerial image modulation (modulation can not exceed 1). For example, if exposure latitude of 10% is required, then the absolute limit of this photoresist system is NA=0.67 (or half-pitch of 71.5 nm). The PMC separates the modulation levels that produce an acceptable photoresist response (e.g. EL better than 5%) from the modulation that produces an unacceptable one (e.g. EL worse than 5%).
The photoresist modulation curves represent all of the information necessary to characterize photoresist performance as a detector in the imaging system, if exposure latitude is used as a metric. It makes quantitative comparisons between different resist processes and even different resist systems easy and direct.
The procedure for obtaining the photoresist modulation curve is quite straightforward. After the experimental data has been collected, a smooth function needs to be fit to represent CD(E, m I , NA), where 2 NA p λ = is the normalized frequency of the sine pattern. The function can take any shape, with the only requirement that the first partial derivative with respect to dose, CD E ∂ ∂ , be continuous. Exposure latitude is then calculated as
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where E s is the dose-to-size, and ∆CD is the range of values that is considered within the specification limit, typically 10 % of the target CD. The photoresist modulation curves are then obtained by inverting the function at different EL levels ( )
Once the photoresist modulation data defined above has been collected, it can be used for a variety of purposes, most notably for objective quantitative comparison of performance levels of different photoresist systems. Another compelling use is analysis of performance of the photoresist system in a projection tool (see Figure 2) . In this example, the image modulation can be calculated using readily available aerial image simulators. The aerial image modulation is calculated at a 100 nm offset from the best focus, to allow for prediction of the system performance within a certain depth of focus window at a required exposure latitude level. The various configurations of the future tools can be examined to see what system performance one can expect from a particular optical setup as long as the photoresist is available today. half-pitch (nm)
Image delivery, 100 nm defocus PMC, 10% EL max resolution of system Figure 2 : Using the photoresist modulation curve to determine system performance levels. Maximum acceptable resolution from this combination of the scanner and a photoresist process occurs at NA=0.54 (p/2=87 nm) The image delivery modulation has been calculated for a projection scanner system using conventional illumination with a maximum NA of 0.8, partial coherence of 0.7, unpolarized illumination, a binary mask, and includes 100 nm of defocus.
The advantage of using the modulation curves over any other common method available to lithographers is that the analysis is purely empirical, with no restricting assumptions placed on the shape of the function CD(E, m I , NA).
EXPERIMENTAL APPROACH
In order for the Photoresist Modulation Curves to be useful, CD data has to be collected for a wide range of aerial image modulation and dose levels. However, a typical projection scanner is operating at the settings that provide the best image quality for its design resolution, and is incapable of providing high image contrast beyond that resolution. While various methods can be employed to reduce the modulation, a large portion of the sample space will be unattainable (see Figure 3) . The inability to have high modulation levels at high resolution will make it impossible to collect accurate data that can be used to analyze the performance of future tools.
For this work, we studied a standard immersion photoresist, TOK ILP-12, 80 nm think, coated over 92 nm of ARC-29A, and protected by 40 nm of TSP-3A coating.
Image Contrast in Resist
NA of 1st order . It is conceivable that the modulation can be reduced from the best focus condition, yet a large portion of sample space will still remain unattainable.
An interferometer system (shown in Figure 4 ) is capable of providing very high and variable image quality limited only by the refractive index of the imaging prism, the fluid, or the photoresist, whichever is lower.
Described in more detail elsewhere 6 , the RIT experimental apparatus consists of a compact line-narrowed excimer laser with high level of spatial coherence 7 , combined with the Smith-Talbot interferometer prism. The beam-shaping optics allow full control of the polarization state, as well provide a high degree of dose and modulation uniformity over the 2 mm field on the wafer. The TE polarization state was used in this particular experiment, as it allows the maximum modulation of the aerial image in the photoresist to reach 1. The reduced modulation was achieved via the automated two-pass exposure process, with one of the passes producing an image with m I =1, and the second with m I =0. By varying the time ratio between the two exposures, effective dose modulation between 0 and 1 can be delivered. Fully automated stage control allowed to collect all of the exposures for a complete modulation-exposure matrix on a single wafer. While the tool was equipped for a rapid-change prism assembly, only one prism was readily available for this experiment. The dose delivered to photoresist was controlled using a Uniblitz shutter system with a specified accuracy of 3 ms. The pulserate of the ArF laser was set to 200 Hz, with a typical exposure time of approximately 10 s per field. Considering the total typical number of pulses was over 2000, the repeatability of dose was thus estimated to be governed by the pulse-to-pulse stability of the laser source, rather than by pulsecount error, or timing noise. With a spec value for pulseto-pulse stability of 6 %, and an average pulsecount of 2000, the dose-to-dose repeatability was estimated to be better than 0.2 %.
RESULTS
A series of photoresist exposures with varying modulation and dose levels was performed. The prism with the NA of 0.8 (corresponding to a half-pitch of 60 nm) was used. To calculate the exposure latitude at each of the modulation levels, an empirical function was fitted, with the form of
Where ξ =1/p is the spatial frequency of the pattern, E s is the dose to size, and m l is the modulation of the latent image.
This function describes a photoresist model with the latent image distribution given by
Which, combined with a threshold development model can lead to a simple expression tying the exposure dose E and the measured size of the photoresist pattern, CD ( )
While a function of any shape can be used, this particular fit function appears to provide the best description of the experimental data among all the attempted functions with two parameters. Performing similar fit for data series with other levels of aerial image modulation, the exposure latitude can be calculated according to the equation
The choice of dose-to-size has been made so that CD=p/2.
Once the shape of the dependency of EL on the aerial image modulation m I has been established (see Figure 6 ), it can be inverted to provide the m I as a function of desired exposure latitude and the NA. It is this function that represents the photoresist modulation curves. In the case of the data shown here, it appears a simple linear dependence would describe the data best. It is noteworthy that the equation describing the dependence of EL on m I (EL=a m I + b) has a statistically significant parameter b, suggesting that the latent image modulation m l is not directly proportional to m I . This indicates that it would be incorrect to assume the photoresist exposure process to be linear in nature. The threshold development model was used for the data fitment, for lack of development parameter information about this resist. It is possible that with the correction for the development parameters the linear exposure model 3 m l =m r (ξ) m I , where m r represents the MTF of the photoresist, may still prove to be applicable to this photoresist. This can be further explored when more data is collected at multiple NA settings. 
CONCLUSIONS
The new proposed method of characterizing photoresist process performance has some notable advantages over the conventional resist models. The photoresist modulation curves are based on experimental data and require very few assumptions to be made, yet they allow to quickly predict performance when combined with simulated aerial image modulation data. They also provide a fast, both visual and quantitative method for comparing performance across different photoresist processes. The approach has been described in full, and demonstrated experimentally, using an interferometric immersion lithography system.
